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Introduction
Mesial temporal lobe epilepsy (MTLE) is the most common epilepsy syndrome and is more likely to be resistant to antiepileptic drugs [1] . Hippocampal sclerosis (HS) is the most common pathology underlying medically refractory MTLE [2] . Resective surgery is a well-established treatment for intractable epilepsy due to mesial temporal lobe epilepsy with hippocampal sclerosis (MTLE-HS); however, a considerable number of postoperative patients still suffer from seizure relapse and functional deficits [2, 3] . Surgical outcome is affected by a variety of factors, including age at seizure onset, epilepsy duration, seizure type, preoperative evaluation of epileptogenic focus, the extent of excision, etc [3, 4] . However, no factor has exhibited a strong predictive value; therefore, additional predictive factors may be further identified.
Recent developments in neuroimaging techniques have enabled the widespread mapping of brain metabolic, structural and functional abnormalities in patients with MTLE-HS [5] [6] [7] [8] . These findings suggested that MTLE-HS might be a sophisticated network disorder that affects the whole brain rather than just the mesial temporal lobe [9] . In the context of this network theory, multimodal functional magnetic resonance imaging (fMRI) based on whole-brain has been increasingly adopted to characterize the reorganization of the neural network following surgery in patients with MTLE-HS [10] [11] [12] [13] . However, postoperative brain network alterations remain poorly understood, and further investigation is necessary.
Resting-state fMRI (Rs-fMRI) is a powerful technique for exploring cerebral activity and has been widely used to investigate the pathophysiology of many brain diseases, including epilepsy [14, 15] . It provides information not only on the synchronous regional cerebral activity via amplitude of low-frequency (0.01-0.08 Hz) fluctuations (ALFF) of the blood-oxygen-level dependent (BOLD) signal, but also on the integrity of brain networks using resting-state functional connectivity (RS-FC) analysis [16, 17] . The current study collected longitudinal Rs-fMRI images before surgery and at an average of 4.5 months after surgery to detect alterations in regional neuronal activity and interregional synchrony in patients with unilateral MTLE-HS. We hypothesized that patients with unilateral MTLE-HS would exhibit widespread functional network reorganization even a short time after surgery. By tracking short-term dynamic alterations of the global functional neural network, we hope to provide complementary information to help identify the effects and the mechanisms of surgery on the wholebrain network in patients with unilateral MTLE-HS.
Methods

Participants
Seventeen MTLE patients were recruited at the epilepsy center of West China Hospital, Sichuan University, China. Each patient was diagnosed by a team of neurologists and neurosurgeons using the International League Against Epilepsy (ILAE) Classification Schemes of Epileptic Seizures and Epilepsy Syndromes [18] and underwent a detailed preoperative evaluation. Ten right MTLE patients and seven left MTLE patients were identified by the presence of unilateral onset during ictal recording with a video-EEG. The other inclusion criteria were as follows: (1) normal MRI or MRI evidence of hippocampal sclerosis (HS) ipsilateral to the lateralization by EEG and (2) HS without any other structural lesions confirmed via postoperative histopathological examination of the excised tissue. The exclusion criteria included: (1) any other neurological disorder, psychiatric disorder or serious systematic disease; (2) a history of alcohol or other substance abuse; (3) pregnant and nursing women; and (4) the presence of seizures within 15 days prior to fMRI scan.
All patients underwent selective amygdalohippocampectomy (SAH) or anterior temporal lobectomy (ATL) at the Neurosurgery Department of West China Hospital. Rs-fMRI was performed before surgery and at an average of 4.5 months after surgery. Meanwhile, we evaluated surgical outcomes according to the Engel category [19] . Details of the clinical and demographic information for each patient are summarized in Supplemental Table S1 
Data processing
Functional image preprocessing was performed using Statistical Parametric Mapping software (SPM8; Wellcome Department of Imaging Neuroscience, London, England, http://www.fil.ion.ucl.ac. uk) and included (1) converting the DICOM data to NIFTI images, (2) removing the first 5 time points from each patient's data, (3) correcting for temporal differences by slice-timing, (4) correcting for head motion by realignment, (5) normalizing the space to the Montreal Neurological Institute (MNI) template, and (6) resampling each voxel to 3 Â 3 Â 3 mm 3 without spatial filtering. For the postoperative images, coregistration to their preoperative images and cost-function modification in the normalization were applied to exclude the area of surgical lacuna and avoid bias during the transformations. ALFF values were calculated using REST 1.8 (State Key Laboratory of Cognitive Neuroscience and Learning in Beijing Normal University; http://www.restfmri.net/) as follows: (1) band pass filtering (0.01-0.08 Hz), (2) removing the linear trend, and (3) regressing out nuisance covariates, including six rigid body motion parameters due to head movements, the global signal, the white matter signal, and the cerebrospinal fluid (CSF) signal. Then, the time series was transformed to the frequency domain using a fast Fourier transform (FFT). The power spectrum obtained by the FFT was square root-transformed and averaged across a frequency of 0.01-0.08 Hz at each voxel. The averaged square root of activity comprised the ALFF. The detailed procedure is described in a previous study [20] .
Then, functional connectivity (FC) was calculated by performing a seed-area analysis using REST 1.8. Twenty-seven cerebral regions were selected as regions of interesting (ROIs) based on ALFF results and previous studies [11, 12, 21] . The ROIs were constructed using the Automated Anatomical Labeling (AAL) atlas as implemented by Individual Brain Atlases using SPM (IBASPM) [22] . The MNI coordinates of the ROIs are shown in Table 2 . We obtained the resting-state time series of each of the seed regions, which were correlated with each other to create a 27 Â 27 matrix of every patient in the same manner as our previous study [23] .
Statistical analysis
ALFF maps from every participant were compared on a voxelwise basis using a paired t-test in SPM8 before and after surgery. A statistical threshold of P < 0.05 (FDR corrected) was set for wholebrain analysis. Independent-sample t-test was used to calculate the resting-state functional connectivity (Rs-FC) network respectively in the left and right MTLE-HS groups in SPM8. Two-tailed paired t-test was performed on all of the possible 378 (C 2 27) connections to compare the post-vs pre-operative brain functional network diagrams. Statistical significance was also set at P < 0.05 (FDR corrected).
Results
Clinical outcomes
The surgical outcomes are presented in Supplemental Table S1 in the online version at DOI: 10.1016/j.seizure.2016.12.021 and Table 1 . With a mean postsurgical follow-up of 4.5 months, sixteen of 17 unilateral TLE patients after surgery were classified as Engel's I, and only one subject (No. 12) had auras after ATL. The remaining patient, who was placed into Engel's III (No. 10), experienced the same type of seizures postoperatively after ATL. However, the seizure frequency decreased from several times per day to once in a 1 to 3-month period. The postoperative histopathological examination of the excised tissue of all participants showed only segmental neuronal cell loss and/or reactive gliosis, which represented HS [24] , without any other pathognomonic structural lesions.
Comparison of post-and preoperative ALFF maps in unilateral MTLE-HS patients
After surgery, left MTLE-HS patients showed elevated ALFF values in the right opercular part of the inferior frontal gyrus (IFG), the right caudatum and cingulum, and the bilateral orbital part of the middle frontal gyrus (MFG); decreased ALFF values were observed in the right MFG, the right superior parietal gyrus (SPG) and the right middle temporal gyrus. In the right MTLE-HS group, we identified increased ALFF values in the left orbital part of the superior frontal gyrus (SFG) and the left insula and reduced ALFF values in the left MFG and the right SPG after surgery (P < 0.05, FDR corrected, Table 3 and Fig. 1 ). 
Comparison of post-and preoperative resting-state FC (Rs-FC) in unilateral MTLE-HS patients
We constructed the preoperative and postoperative restingstate functional brain network in both the left and right MTLE-HS groups, with the ROIs serving as nodes and the Z-score matrices serving as edges (see details in Fig. 2A, B, D, E) . Rs-FC exhibited a significant reduction between the right opercular part of the IFG and the right caudatum, the right opercular part of the IFG and the right SPG, the left medial part of the SFG and the left thalamus, the Table 3 . * The statistical threshold was set at p < 0.05 (FDR corrected). right caudatum and the right thalamus, and the right orbital part of the SFG and the right thalamus in right MTLE-HS patients after surgery. Left MTLE-HS patients presented with increased Rs-FC between the left orbital part of the MFG and the right MFG and decreased Rs-FC between the bilateral putamen after surgery (P < 0.05, FDR corrected, Table 4 and Fig. 2C, F ).
Discussion
In the current study, we focused on short-term brain functional alterations following surgery in patients with unilateral MTLE-HS.
Using an Rs-fMRI technique based on whole-brain, we detected awidespread distribution of postoperative ALFF value and Rs-FC changes, both of which demonstrated different reorganization trajectories between the different sides of resection. These findings may extend our understanding of the dynamic pathophysiology of the brain following resective surgery in patients with unilateral MTLE-HS.
Accumulating studies indicate that MTLE-HS is a diffuse network disorder that affects the structure, function and metabolism of the whole brain [5] [6] [7] [8] [9] . Therefore, it is no surprise to see widespread postoperative ALFF value and Rs-FC changes in our study due to the extensive brain network abnormalities already in existence preoperatively. Consistent with our results, another RsfMRI study using graph theoretical analyses alsofound a postoperative hyperconnection not only within the temporal lobe and but also in the frontal lobe, the parietal lobe, the occipital lobe and the cingulate gyrus [11] . Similar to thesefunctional connectome reconfigurations, voxel-based morphometry (VBM) and diffusion tensor imaging (DTI) evidence revealedbilateral hemispheric structural network reorganization both in gray matter and white matter, which was probably associatedwith the surgical outcomes [12, 13] . However, the pathophysiological mechanisms underlying this widespread postoperative brain network reorganization remains unknown.
Our results showed that ALFF values fluctuated remarkably in the prefrontal cortex (PFC) in MTLE-HS patients after surgery. In the 1990s, Lieb et al . [25] adopted depth electrodes to reveal that the PFC appeared to be frequently involved in the propagation of Table 2 . The left MTLE-HS patients presented an interhemispheric FC alteration in a relatively symmetric manner between the bilateral frontal lobe and putamen, and the right MTLE-HS patients exhibited an intrahemispheric FC reduction in the basal ganglia-thalamocortical circuit. seizures initiated in MTLE. Neuroimaging studies revealed the metabolic, anatomical and functional abnormalities of the PFC in MTLE patients, which further consolidated the significance of the PFC in the epileptogenic network of MTLE patients [26] [27] [28] . In addition, the PFC plays an important and well-established role in the cognitive network of MTLE patients according to task-related fMRI studies and correlation analyses [10, 29, 30] . Moreover, the regional neural activity alterations in other extrafrontal areas detected in our study have also been reported to be involved in the epileptogenic and cognitive network in MTLE patients [12, 30, 31] . Consequently, our results may provide new insights into the reorganization of the epileptogenic and cognitive network after surgery in patients with MTLE-HS. The existence of abnormal thalamocortical structural and FC in patients with both focal and generalized seizures has attracted increasing attention [32] [33] [34] . Our previous simultaneous EEG-fMRI work indicated that the functional neural network involved in patients with epilepsy is not only confined to the thalamocortical loop but also extends to the basal ganglia [35] . Based on the same subjects, we further detected white matter integrity impairments in the basal ganglia-thalamocortical circuit [36] . Accordingly, the current study revealed an intra-and inter-hemispheric Rs-FC alteration converging on the basal ganglia-thalamocortical circuit in MTLE-HS patients. However, the possible mechanisms underlying these dynamic functional alterations remain unknown. Liao et al. [11] reported the divergent pattern of postoperative brain functional connectome reconfiguration between seizure-free MTLE patients and non-seizure-free MTLE patients. Another DTI study also found that the postoperative anatomical network reorganization in MTLE patients was associated with distinct surgical outcomes [13] . This study suggested that research on postoperative cerebral network reorganization might provide complementary information regarding the brain mechanism that determines surgical outcomes and finally facilitate the selection of surgical candidates.
Interestingly, the present study showed a more widespread ALFF value fluctuation in the left MTLE-HS group than in the right MTLE-HS group after surgery and an interhemispherical postoperative Rs-FC alteration in the left MTLE-HS group vs an intrahemispheric manner in the right MTLE-HS group. As it is well known, each hemisphere performs specialized functions due to the different composition of brain areas. Consistent with our results, left MTLE patients exhibited more intense cognitive impairment relative to right MTLE patients [37, 38] . Kirsch et al. [39] found that during the intracarotid amobarbital test, left MTLE patients are more likely to exhibit a more intense and bilateral compromise. Some earlier VBM studies also demonstrated a more pronounced gray matter volume variation in the left MTLE group than in the right MTLE group [40] [41] [42] and attributed this difference to the more severe neuropsychological deficits in patients with left MTLE [41] . It seems that MTLE patients with a left-sided seizure focus may have a relatively wider distribution of neural network damage in the preoperative evaluations. Therefore, we have reason to speculate that left MTLE-HS patients may undergo neural network recovery and reorganization over a wider range, even interhemispherically, after surgery.
There were two issues that should be noted in the present study. First, the small sample size may have limited the statistical power, and an ongoing expansion of the number of participants may solve this problem in further investigations. Second, the study only depicted short-term cerebral activity alterations after surgery, and further extension of the follow-up period may reveal whether the alteration represents a temporary compensation or a progressive construction. Finally, although both the ALFF value and the Rs-FC are thought to reflect spontaneous neuronal activity [17, 43] , their neurophysiological essence remains unclear. Caution should be taken when directly equating these Rs-MRI phenomena with neuroplasticity.
Conclusion
In summary, the patients with unilateral MTLE-HS presented with bilateral diffuse regional and interregional neural activity alterations shortly after surgery. A difference between the left and the right resection group was also detected; left-sided MTLE-HS patients exhibited a more widespread distribution and a crosshemispheric pattern of postoperative functional network reorganization compared with right-sided MTLE-HS patients. Additional studies with a larger sample size and extended follow-up are needed to shed light on the nature of these effects and the mechanisms of surgery on the whole-brain network in patients with unilateral MTLE-HS.
